High-throughput sequencing technology using next-generation sequencers has enabled analysis of thousands of previously reported microRNAs (miRNAs) and novel small RNAs including small interfering RNAs (siRNAs), PIWI-interacting RNAs (piRNAs), and transcription initiation RNAs (tiRNAs) (1) (2) (3) (4) . In most methods used to explore small RNAs, small RNA-derived cDNA libraries that consist of cDNA inserts of various sizes ligated between the 5′ and 3′ adapter sequences must be constructed (5) (6) (7) . A protocol has recently been developed with fewer preparation steps needed to construct small RNA libraries, and its use of pre-adenyl ated adapter oligonucleotides makes it particularly efficient in capturing small RNAs (8) . However, when we use this protocol with a commercially available sample preparation kit (Illumina, San Diego, CA, USA), we often observe a large number of sequencing reads without cDNA inserts, mainly composed of adapter-dimer products. Here, we developed a multiplexed small RNA library preparation method by combining an adapter-dimer removal strategy with LNA oligonucleotides and barcoded adapters.
The simplified process is shown in Figure  1A . Briefly, a 3′ adapter and a 5′ adapter are sequentially ligated to RNA. The ligation products are reverse-transcribed, followed by PCR, and polyacrylamide gel-purification of insert-containing cDNA products of around 100 bp, which corresponds to RNAs of ~15-36 nucleotides. The products are subjected to sequencing runs on the Genome Analyzer.
To decrease the reads of non-insert sequences from the total number of sequences, we hypothesized that oligonucleotides specifically hybridized to the 5′ and 3′ adapter-dimers that are devoid of inserts could interfere with cDNA synthesis in the reverse transcription (RT) reaction by competing for annealing of the RT primer ( Figure 1B) . We named the oligonucleotide the dimer eliminator; in the case of locked nucleic acid (LNA; 22 nucleotides), 8 nucleotides of it span the 3′ adapter, while 14 nucleotides span the 5′ adapter.
First, we tested the hypothesis using various types of oligonucleotides complementary to adapter-dimers. When we used the dimer eliminator oligonucleotides composed of DNA and LNA (22 nucleotides), LNA (22 nucleotides), and LNA (26 nucleotides) in the RT reaction, PCR products corresponding to adapter-dimers were significantly reduced. However, we found that the production of the library products with cDNA insert was also decreased when DNA/LNA (22 nucleotides) and LNA (26 nucleotides) dimer eliminators were used in the reaction (Figure 2A ). The small RNA expression profiles between libraries without dimer eliminator and with LNA (22 nucleotides) showed high correlation; the average Pearson's correlation coefficient was 0.997. However, the profiles between libraries without dimer eliminator and with LNA (26 nucleotides) showed lower correlation; 0.985, which may be caused by its longer nucleotide sequence enabling to interfere with cDNA synthesis of proper ligation product with small RNA insert by unexpected annealing of the dimer eliminator to either of the adapters. Furthermore, percentage of non-insert reads does not differ much between LNA (22 nucleotides, 8.0%) and LNA (26 nucleotides, 5.3%). Therefore, we recommend the use of LNA (22 nucleotides; dimer eliminator-22) for precise small RNA measurements.
To assess the inhibitory effect of the dimer eliminator-22 on both the adapterdimer and small RNA library production, we carried out library construction with or without dimer eliminator-22 with various amounts of total RNA. In the result, the dimer eliminator-22 clearly reduced adapter-dimers but did not affect the small RNA library products ( Figure 2B ). We then attempted to determine the suitable concentration of dimer eliminator-22. In the RT reaction, dimer eliminator more effectively inhibited adapter-dimer production at 10 μM (5×) and 20 μM (10×) than 2 μM (1×). However, it was not effective in reducing the adapter-dimer products when it was added in the PCR at various concentrations (0-10 μM) ( Figure 2C ). We sequenced the small RNA library samples (only the upper band corresponding to small RNAs were gel-excised; see Figure 2C in the RT panel and Supplementary Figure Reduction of non-insert sequence reads by dimer eliminator LNA oligonucleotide for small RNA deep sequencing
Here we describe a method for constructing small RNA libraries for highthroughput sequencing in which we have made a significant improvement to commonly available standard protocols. We added a locked nucleic acid (LNA) oligonucleotide-named dimer eliminator-that is complementary to the adapter-dimer ligation products during the reverse transcription reaction. It reduces adapter-dimers, which often contaminate standard libraries and increase the number of non-insert sequence reads. This simple technology can be used for simultaneous multiplex sequencing of various barcoded samples as well as nonbarcoded small RNA library sequencing. In this study we also evaluated the reproducibility and quantitative design of the eight barcoded tags by comparing the Pearson's correlation values in the expression analysis between each barcoded sample. This method improves the sequencing yield and efficiency, while simplifying library construction, and makes it easier to perform large-scale small RNA analysis under multiple conditions with next-generation sequencers.
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Vol. 49 | No. 4 | 2010 S1) prepared with or without the dimer eliminator and successfully confirmed that 10 and 20 μM of the dimer eliminator drastically reduced the percentage of non-insert sequences ( Figure 2D and Supplementary  Table S1 ). Thus, we decided to use 10 μM of the dimer eliminator-22 in the RT reaction for the library preparations instead of 20 μM to reduce the cost of the oligonucleotide.
Next, we applied this technology for a pooled library construction, which requires a barcoding system for multiplex sequencing in order to increase the sequencing performance. We designed eight barcode tags (two nucleotide barcode with common AA at the 3′ end): AAAA, GAAA, CAAA, TAAA, AGAA, ACAA, ATAA, and TTAA and incorporated them at the 3′ end of the 5′ adapter oligonucleotides ( Figure 1A) . We pooled the samples after ligation to the barcoded adapter and proceeded with the following reactions in a single tube. With the dimer eliminator-22 added in the RT reaction, the production of the adapter-dimer was the same as the nonpooled barcoded libraries ( Figure 2E ). Thus, it is not necessary to prepare dimer eliminators corresponding to each of the barcoded adapter sequences, because the dimer eliminator-22 contains random sequences at the middle to fit the 5′ adapter sequences, and they can be applied to any barcoded adapter. When we used the nonbarcoded 5′ adapter, we could reduce the production of the adapter-dimers by using dimer eliminator-20 ( Figure 2E ).
Finally, we examined the correlation of small RNA expression level in each barcoded sample prepared by using the dimer eliminator-22. The barcoding system for highthroughput sequencing has been previously published, but to our knowledge there has not been any evaluation of bias from use of barcodes (7) (8) (9) (10) (11) (12) (13) (14) (15) , which would interfere with an accurate comparison expression analysis of barcoded samples. Therefore, we evaluated the barcoding system by looking at Pearson's correlation values for each of their eight barcodes from two pooled libraries made from the same total RNA. The small RNA expression profiles between the technical replicates showed high correlation; the average Pearson's correlation coefficient was 0.983 (Supplementary Figure  S2A) . Furthermore, the profiles between the distinct barcodes also showed high correlation; 0.894 for all tested barcodes and 0.945 for the four barcodes AAAA, GAAA, CAAA, and TAAA (Supplementary Figure  S2B) . These results show that our protocol reproduces RNA population profiles well with technical replicates and different barcode tags. We recommend the use of these four barcode tags in comparing samples with more precise small RNA measurements Figure 1 . Scheme of small RNA library construction using the dimer eliminator and barcoded tag adapters. (A) Preparation barcoded sequencing samples. A 3′ pre-adenylated DNA adapter (5′-P-ATCTCGTATGCCGTCTTCTGCTTG-idT-3′) was ligated to total RNA (~0.2-2 μg) with T4 RNA ligase 2 without ATP, and a 5′ barcoded RNA adapter (5′-guucagaguucuacaguccgacgaucxxaa-3′) (large letters show DNA sequence; small letters show RNA sequence; barcode tag sequence is underlined) was ligated to the products. RT was carried out with an RT primer (5′-CAAGCAGAAGACG-GCATACGA-3′) in the presence of the dimer eliminator-22 (5′-TACGAGATTTNNGATCGTCGGA-3′) (LNA is shown in italics, and NN shows random DNA). PCR was performed using a forward primer (5′-AATGATACGGCGACCACCGACAGGTTCA-GAGTTCTACAGTCCGA-3′) and a reverse primer (5′-CAAGCAGAAGACGGCATACGA-3′) (bold letters designate Illumina-specific adapter sequence). The resulting PCR products, ~100 bp in length, were gel-purified (but not the 77-bp band, which corresponds to adapter-dimers), followed by a size, quality, and concentration check using a Bioanalyzer 2100 DNA 1000 chip (Agilent Technologies, Santa Clara, CA, USA). The samples were sequenced in a Genome Analyzer IIx with a sequencing primer (5′-CGACAGGTTCAGAGT-TCTACAGTCCGACGATC-3′). (B) Representation of the dimer eliminator-22 hybridizing to adapterdimer ligation product in an RT reaction. Figure S3) , as they show small bias during the complete procedure. In summary, we developed an efficient and reliable method for the production of multiplexed small RNA libraries by using the dimer eliminators and barcoded adapter oligonucleotides. This method makes it easier to perform large-scale small RNA analysis under multiple conditions and time-courses with next-generation sequencers.
